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In this paper we present a simple argument that shows a non-singular bouncing cosmology natu- 
rally yields an era of super-inflation which can precede the phase of normal potential driven inflation. 
One of the consequences of a super- inflation phase is that it might be able to account for suppressing 
the low multipole in the amplitude of the cosmic microwave background radiation. We are able to 
constrain the number of e-folds of super-inflation from the current Planck data to be roughly 3 
e-folds in a model independent way. 
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The recent results from WMAP [l| and Planck [2J on 
cosmic microwave background (CMB) radiation suggest 
lack of power at large angular scales or at very low mul- 
tipoles, i.e. I < 40. Although these data points are well 
within our cosmic variance and statistically their signif- 
icance is still low, the power deficit is not insignificant, 
around 5 — 10% at 2.5 — 3 a as compared to the 6 param- 
eter fit of ACDM model Q. This lack of amplitude of 
power spectrum on very large angular scales is intriguing 
and perhaps it might be shedding some light on yet to 
be understood physics at the earliest epochs. 

Since the temperature anisotropy is typically given by 
the fluctuations in the scalar field whose energy density 
is dominating the early universe. In the simplest scenario 
of a slow roll inflation, 
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Naively, one might expect to increase p while keeping the 
fluctuations dp nearly constant in order to suppress the 
power spectrum. However this procedure fails. Typically, 
increasing p during inflation would be a daunting task. 
In an absence of any other degrees of freedom, the energy 
density of the inflaton cannot in general increase unless 
we are willing to violate the coveted energy conditions 1 . 
The aim of this paper is to provide a very simple mech- 
anism for suppressing the low multipoles by an era of 
super-inflaion, with dH(t)/dt > 0. The concept of super- 
inflation contradicts the common intuition. One cannot 
increase the value of H (t) as it would mean an increase 
in pit) in an expanding universe. A rapid acceleration 



1 Some exceptions have been noted. In principle on can try to play 
with both <5p and p to make the power spectrum blue shifted and 
then red shifted. This can be arranged in multi field scenarios, 
such as 0, or in stochastic inflation [4|, where some Hubble 
patches increase their energy density while some lower, or via 
fast roll inflation which precedes the slow-roll inflation [jj. The 
latter scenario suppresses the power spectrum during the fast roll 
phase by keeping the Hubble parameter constant while increasing 
the velocity of the scalar field which suppresses the amplitude, 
see [g . The inflection point inflation models [7| can also lead to 
modify the spectral tilt at low multipoles from blue-to-red tilt as 
shown in Ref. [j|]. 



can only dilute the energy density or the number den- 
sity, even a cosmological constant is only able to retain 
it's constancy of vacuum energy density. The challenge 
is to pump even more energy into the universe, but from 
where'? 

Such a scenario cannot be achieved within Einstein's 
theory of general relativity (GR). One needs to modify 
GR in the ultraviolet (UV) in order to yield a phase of 
super- inflation. At low energies, or in the infrared (IR), 
then one would naturally obtain GR with all its suc- 
cess, which will also keep a subsequent phase of inflation 
within the realm of GR. 

One advantage of super-inflation will be that it can 
modify the spectral tilt at low I by making it towards 
blue-tilt before the conventional slow roll inflation kicks 
in with a decreasing H(t), which is known to yield a 
red-tilted spectrum. The prediction for a super-inflating 
phase arises in any non-singular bouncing cosmology 
which we will discuss below. 

Any mechanism which attempts to explain the cosmo- 
logical singularity problem within a semi-classical space- 
time description will naturally yield an era of super infla- 
tion where H (t) is increasing with time. By semi-classical 
we simply mean that we are able to approximately for- 
mulate the dynamics of quantum gravity in terms of a 
metric theory of space-time, possibly with higher deriva- 
tive corrections. If such a description remains valid at 
energy scales we are interested in, then there are only 
two ways to avoid the singularity to prevent the scale 
factor of the universe approaching 0, i.e. a(t) — > 2 : 

• Non-singular bounce: where we can have a bounce 
where the universe transits from a contracting to an 
expanding phase at some finite cosmological time. 

• Emergent universe: we can have an emergent uni- 
verse |9| where as t — > — oo, a(t) — > non-zero con- 
stant. 



2 In Ref. |13H it was argued that in loop-quantum gravity one can 
also yield super-inflation. 



In either case there exists a phase when H > 0. For 
a bouncing case this can be seen very easily - H(t) is 
precisely zero at the bounce, and then it becomes more 
and more positive after the bounce: 



gently rolls downwards to its potential, and H ex \/V . 
Hk-, refers to the Hubble parameter when a given mode 
crosses the Hubble radius. This yields a well-known form 
of the power-spectrum: 
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at the bounce , (2) 



where 'a' is the scale factor and dot denotes time deriva- 
tive w.r,t the physical time, 'if . 

Since a non-singular bounce arises from the modifica- 
tion of GR, hence this trend in increasing H (t) contin- 
ues till the modifications of GR fades away gradually in 
the IR (d, a, a . . . becoming small compared to the scale 
of quantum gravity, which could be presumably one or 
two orders of magnitude smaller than the Planck scale), 
thus leaving only GR in IR. Once this happens there is 
a turn-over in the expansion rate of the universe, H{t) 
starts to decrease, entering the usual slow-roll phase of 
inflation due to the slowly rolling inflaton, for a review 
jwhich must be embedded within the visible sec- 
11, 121 in order to match the success of thermal 




history of the universe. 

We are aware of one particular non-singular bouncing 
scenario that can be constructed analytically within a 
string-theory inspired nonlocal higher derivative exten- 
sion of Einstein's GR which is covariant and ghost free 
construction, see [14l4l8l |. which we will briefly mention 
below. 

In order to understand intuitively how a super- 
inflationary phase can explain the deficit in the pri- 
mordialpower spectrum seen by both WMAP [1| and 
Planck [2f , let us first consider perturbations of a canon- 
ical scalar field which obeys the Klein-Gordon equation: 
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Here 'dot' denotes derivative w.r.t. time and 'prime' de- 
notes derivative w.r.t. (/>. We emphasize that this equa- 
tion does not rely on GR and therefore remains valid even 
if we modify GR in the UV. It is well known that approxi- 
mately the amplitude of any given comoving mode freezes 
once it crosses the Hubble radius at a value given by 
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provided that these perturbations were seeded by the 
quantum Bunch-Davis vacuum fluctuations of the scalar 
field deep in the UV/sub-Hubblc regime. The above 
Eq. (JU) leads to a slightly red-tilted power spectrum, V$, 
which is given by: 
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in the standard slow-roll inflationary models. The red 
tilt (n s < 1) arises from the fact that the Hubble pa- 
rameter slowly decreases with time as the scalar field 
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where k p denotes the pivot scale, and the spectral tilt n s 
is given in terms of the slow roll parameters: 



n s = 1 + 2r\ — 6e , e = 
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From Eqs. (J4J [7]), it is clear that if we have a phase of 
super-inflation where H(t) increases with time for a cer- 
tain period, the tilt of the spectrum would be mostly blue 
(n s > 1). Let us consider a simple illustrative example 
with a scale factor which is geodesically complete: 



a(t) = cosh Xt 



(8) 



which is a solution arises within nonlocal theories of grav- 
ity, first pointed out in Ref. 14 . For Eq. flS) the Hubble 
parameter becomes: 



H(t) = AtanhAi 



(9) 



So, for large times the space-time asymptotes to a de- 
Sitter universe, a(t) ~ e At , and H approaches A from 
below., increasing with time. To reiterate, one would def- 
initely need to modify GR in the ultraviolet (UV) in order 
to realize such a solution, but as soon as GR becomes the 
dominant theory in the infrared (IR) , the Hubble param- 
eter would reach a maximum value and then it will start 
to decrease according to the GR dynamics. 

Now we wish to discuss the transition from a blue 
(n s > 1) to a red-tilted (n s < 1) spectrum expected 
in any bouncing scenarios. To simplify our discussion let 
us first note that in most modified gravity scenarios, one 
can capture the effects of the "quantum gravity terms" as 
additional contributions in the energy momentum tensor 
(see, for instance Ref. (18j): 
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where we have now included the higher derivative terms 
of the scale factors contained in the modified Einstein 
tensor as an effective energy density, p q , and its corre- 
sponding pressure, p q , along with the usual energy den- 
sity and pressure contributions from the inflaton field (f>. 
The modification in GR in the UV, p q , p v is mainly 
responsible for driving a super-inflationary phase where 
H >0. 

For a hyperbolic cosine bounce such as Eq. ([8]) , this can 
be directly computed from the behaviour of the bouncing 
scale factor: 
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One expects a transition from the UV regime to slow-roll 
inflationary GR regime to occur once the driving force 
from the inflation field, controlled by 



overwhelms the UV regime: 
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Now, one can express the left hand side in terms of 
the slow roll parameter and the potential energy, V rj 
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= -eV = 2eM 2 A 2 , (14) 



so that the epoch of transition is given by an implicit 
relation 3 
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As we can see during the super- inflation phase H{t) in- 
creases, which would indicate an increase in the power 
as larger k modes exit the Hubble patch till k = fc max , 
after which we would get the usual red-tilted power-law 
spectrum. 

There is however one subtle point in going over from 
V§ given by Eq. (J5J) to the power spectrum for metric fluc- 
tuations "P<i>, where $ being the metric potential. In the 
standard inflationary cosmology one has to use GR equa- 
tions for this purpose. This relation can become modified 
if one goes beyond the GR paradigm, which one must in 
order to obtain a bounce. However, as already argued, 
the modes which are of phenomenological interest, exit 
the Hubble radius just before the commencement of the 
GR regime and therefore is expected to have minimal 
modifications. 

Moreover, in many bounce models, such as based on 
non local modifications to GR [14], |l_5|, the perturbation 
equations remains unchanged for the regimes in ques- 
tion [16| , as a consequence of the fact that these theories 
do not introduce any new degrees of freedom [l6j . With 
the above caveat in mind we will in this paper continue 
to use Eq. ([5]), a more detailed study would need the 
specifics of the different bounce mechanisms in question, 
which we leave for future investigation. 

Let us now estimate the expected spectrum for the 
hyperbolic cosine bounce. Although for definitcness we 
use Eq. (|5J|, the same algorithm can be used to obtain 
the spectrum for any other type of bounce. In order to 



3 According to our convention, k, has a physical meaning, it is the 
physical wave number for a given mode at the bounce point. 



obtain the spectral form of T>$, one needs to express H(i) 
as a function of k. This can be done by using the Hubble 
crossing condition: 

k = aH => k = X sinh Xt (16) 

Using the above, the power spectrum can be written as 

k/X 
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Matching the super-inflationary power spectrum with the 
inflationary power spectrum at k = fc max we have the 
following form: 



V*,= 






l + (fc max /A)^ , , , 

i+(k/\) 2 ior K < K max 
17,-1 ( i8 i 

tor k > fc m ax 



So, we have introduced two new parameters, fc max and 

fcmax/ / ^- 

Let us make an estimate to see whether such a power 
spectrum can explain the low multipole moments. The 
observed reduction of power, around 10%, is over I = 2 
to I = 40 range, so that approximately over fc max /fc ~ 
10. Using the power-spectrum Eq. (fl"8)) . we have the 
constraint 
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There indeed exists a solution and the corresponding 
value of the slow roll parameter: 



A 



400 ^>e~ 2.5 x 10" 



(20) 



This is completely consistent with an inflationary cos- 
mology. What the above numbers also tell us is that 
the transition happens in the near de-Sitter phase away 
from the bounce. If to is the transition time, then from 
Eq. (|16j) . we find the number of e- foldings, M, during the 
super-inflation 



e M - sinh Xt ~ 20 



ao ~ a,Q = coshAio ~ 20 (21) 



In other words, by the time the I ~ 40 mode exits, the 
universe has grown by a factor of 20 ( N ~ 3 c-folds) 
from it's minimal bounce size. One can also calculate A 
from the observed amplitude of spectrum: 
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(22) 



This scale will be relevant for building any visible sector 
model of inflation which will be a case for future investi- 
gation. 



To complete the story, let us briefly discuss a particu- 
lar higher derivative gravitational theory that is known to 
produce a hyperbolic cosine bounce considered here. Any 
resolution to the cosmological singularity problem must 
give rise to a covariant and ghost free theory of gravity in 
the UV, a general criteria for constructing such theories 
was obtained in [19j. These typically contain an infinite 
series of higher derivative terms (and hence the associa- 
tion with nonlocality) often in the form of an exponential, 
which are rather ubiquitous in string theory [20(. Both 
cosmological background solutions and their perturba- 
tions have been studied in great details for a particular 
sub-class of these theories in Refs. 14J-ll6J. whose actions 
have the form 
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(23) 
where A is the cosmological constant which is rather 
straight forwardly related to the A parameter: A = 
«/A/3Mp. M* is the mass scale at which the higher 

derivative terms in the action become important and typ- 
ically M* ~ A 1 / 4 . Cm is the matter Lagrangian. T is an 
analytic function: 



T{UIMl) = £ fnO n ■ 



(24) 
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where: □ = g^V „V ,=g^V ^= -^=8^ {y/^gg^d,,), 



and V M is the covariant derivative. For energy scale 
below the UV cut-off M*, the higher derivative theory 
of gravity asymptotes to the standard GR, and all the 
higher derivative terms become irrelevant at the infra red 
(IR) limit. What is particularly relevant for us is that in 
Ref. [16| it was shown that the perturbations behaved 
exactly like the metric fluctuations in GR as space-time 
approached the dcSitter limit, which is where most of our 
relevant modes will be exiting the Hubble-radius. An- 
other intriguing feature of this model was that we found 
that the "effective" stress energy tensor coming from the 
higher derivative terms have a non- vanishing anisotropic 
stress at the perturbative level. 

To summarise, we have argued that an era of super- 
inflation preceding normal inflation can possibly render 
the blue spectrum (n s > 1) for the cosmological pertur- 
bations which might help to explain the low multipolcs 
of the CMB observed in WMAP p) and Planck 0. How- 
ever the concept of super-inflation cannot be realized in 
the context of GR, one requires an UV modification of 
GR, which leads to a non-singular bouncing cosmology. 
Therefore super-inflation is a generic prediction, or, a 
signature of a non-singular bouncing cosmology, which 
can help us to understand the very early epochs of the 
universe just at the time when scalar potential driven 
inflation has kicked in. 
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